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Chemistry  within  Molecular  Clusters 


William  R.  Peifer, 
M.  Todd  Coolbaugh 
and 

James  F.  Garvey* 


Acheson  Hall,  Department  of  Chemistry 
State  University  of  New  York  at  Buffalo 
Buffalo,  NY  14214 


1  Introduction 


The  physics  of  weakly  bound  van  der  Waals  has  been  studied  recently  is  a  variety  of 
ways  to  gain  an  understanding  of  their  formation  and  to  determine  their  various  phys¬ 
ical  properties.  However,  the  study  of  chemical  reactions  within  clusters  is  especially 
intriguing,  since  clusters  can  bridge  the  disparate  field  of  bimolecular  gas-phase  reaction 
dynamics  and  solution  chemistry.  By  examining  the  chemistry  within  these  cluster  sys¬ 
tems  it  is  possible  to  directly  learn  how  the  behavior  of  the  system  changes  as  a  function 
of  stepwise  solution,  thereby  leading  to  an  understanding  of  the  factors  which  govern 
reactions  in  solution  that  are  absent  in  gas  phase  processes. 

Most  of  the  recent  work  in  this  area  consists  of  utilizing  the  neutral  cluster  as  one 
of  the  reagents  for  a  bimolecular  reaction*'*,  with  the  product  cluster  ion  being  directly 
detected  via  conventional  mass  spectrometric  techniques.  Apart  from  the  observation 
of  protonated  clusters  there  are  a  few  reported  cases  of  chemical  reactions  taking  place 
within  the  cluster  ion  itself.®"^*  In  addition  to  this  typical  un'molecular  and  bimolecu- 
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lar  gas-phase  chemistry  already  studied  within  clusters,  we  have  recently  observed  the 
generation  of  new  cluster  product  ions  which  cannot  be  explained  by  either  of  these  two 
known  processes.  The  new  processes  have  absolutely  no  counterpart  in  gas-phase  bi- 
molecular  reactions,  and  only  occur  within  van  der  Waals  clusters.*®  They  include  the 
generation  of  (C2H4F2)n>4H'*'  ions  from  1,1-difiuoroethane  clusters,*^  the  generation  of 
(CH30CH3)„H30'’’  and  (CH30CH3)nCH30H‘*‘  ions  from  dimethyl  ether  clusters,*®’*®  the 
generation  of  (NH3)nN2H5'*‘  ions  from  ammonia  clusters**  and  the  photogeneration  of 
MoO'*’  and  Mo02'*’  ions  from  van  der  Waals  clusters  of  molybdenum  hex2w:arbonyls.*®  The 
observation  of  these  new  chemical  processes  which  occur  only  within  a  cluster  means  that 
one  may  now  utilize  clusters  as  a  novel  "crock-pot”  in  which  to  produce  new  molecules. 

Thus,  while  the  study  of  reactive  processes  in  clusters  may  be  used  as  a  bridge  between 
the  gas-phase  "bimolecular"  and  the  "solvated  multimolecular”  world  of  chemical  reac¬ 
tions,  we  feel  that  this  bridge  has  in  fact  turned  into  a  crossroads:  new  chemical  reactions 
and  unexpected  dynamics  exist  which  occur  only  within  the  condensed  environment  of  a 
molecular  cluster.  We  will  give  illustrative  examples  wherein  this  new  chemistry  within 
clusters  occurs  through: 

1.  stabilizing  unstable  reagents 

2.  stabilizing  unstable  intermediates 

3.  providing  new  chemical  pathways. 

2  Experimental  Method 


The  majority  of  our  experiments  consist  of  generating  a  beam  of  neutral  van  der  Waals 
clusters,  colliding  them  with  electrons  and  performing  mass  spectroscopy  on  the  resulting 
cluster  ion  species  within  the  beam.  Though  cations  are  rapidly  generated  within  the 
cluster  s),  it  takes  microseconds  before  the  resulting  cluster  ion  migrates  out  of 

the  ionizer  region  and  is  then  mass  selected  by  the  quzulrupole  filter.  On  this  lengthy 
time  scale  the  solvated  cation  may  rid  itself  of  its  excess  energy  by  fragmentation  of  the 
cation,  by  evaporation  of  neutral  monomers  from  the  cluster  ion,  or  by  chemically  reacting 
with  one  (or  more!)  of  the  solvating  neutrals.  In  any  case,  a  new  product  cluster  ion  is 
generated,  which  is  then  detected  via  mass  spectroscopy. 
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One  may  visualize  the  electron  impact  ionizer  pau't  of  our  apparatus  as  a  ’reaction  cell’ 
in  which  precursor  cluster  ions  are  generated  and  allowed  to  ’incubate  ’  for  microseconds, 
and  subsequently  the  newly  generated  product  ions  are  analyzed  via  mass  spectroscopy. 
By  observing  the  distribution  of  product  cluster  ions  in  the  mass  spectra,  we  deduce  the 
ion-molecule  chemistry  which  is  occurring  within  the  bulk  cluster,  and  observe  how  this 
chemistry  changes  as  a  function  of  cluster  size. 

For  the  metal  hexacairbonyl  experiments  (section  3.3.2)  a  different  beam  apparatus 
is  used.  Helium,  seeded  with  a  metal  carbonyl  compound  at  room  temperature  vapor 
pressure  (typically  a  few  hundred  mTorr),  is  admitted  into  the  low- volume  stagnation 
region  of  a  Newport  BV-lOO  pulsed  molecular  beam  valve  fitted  with  an  end  plate  having 
a  0.5  mm  diameter,  30°  conical  aperture.  Metal  hexacarbonyl  van  der  Waals  complexes 
are  then  formed  in  the  free-jet  expansion  of  the  pulsed  beam  of  seeded  helium.  Operation 
of  the  valve  at  1  Hz  leads  to  maximum  chamber  pressures  of  about  3  x  10“®  torr.  The 
cluster  beam  pulse  is  directed  axially  into  the  ion  source  of  a  Dycor  M200M  quadrupole 
mass  spectrometer,  where  it  is  intersected  by  the  focused  output  from  a  Lambda  Physik 
EMG  150  excimer  laser,  operated  on  the  KrF*  transition  at  a  pulse  energy  of  ca.  100  mJ. 
Synchronization  of  the  laser  auid  the  molecular  beam  valve  is  accomplished  through  the 
use  of  an  external  timing  circuit  with  an  adjustable  delay. 

3  Results  and  Discussion 


3.1  Stabilizing  an  Unstable  Reagent  within  the  Solvating  Con 
fines  of  a  Cluster 


The  dominant  reactive  process  which  occurs  within  our  cluster  ions  (Mn-iM"*",  where 
M  is  the  monomeric  unit)  consists  of  a  bimolecular  reaction  between  the  monomer  cation 
and  one  of  the  neutral  solvent  molecules.  This  generates  a  protonated  cluster  ion  and  a 
radical.  Such  a  ’protonation’  reaction  has  been  well  studied  in  a  variety  of  bimolecular 
gas  phase  experiments  and  is  observed  to  occur  for  a  wide  range  of  molecules.  In  many 
cases  these  reactions  are  highly  exoergic  and  quite  facile.  Therefore,  a  molecular  cluster 
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mass  spectrum  is  usually  dominated  by  the  appearance  of  cluster  ions  with  the  empirical 
formula 

However,  for  many  organic  molecules,  upon  electron  impact  ionization  the  parent  ion 
is  unstable.  That  is,  the  ground  state  cation  (M'*’)  is  thermodynamically  unstable  with 
respect  to  fragmentation.  In  such  cases  the  mass  spectrum  is  composed  solely  of  fragment 
ions,  and  identification  of  the  molecule  must  be  made  by  the  characteristic  fragmentation 
pattern. 

The  mass  spectrum  of  1,1-difluoroethane  (DFE)  represents  just  such  a  case.  Since  the 
parent  ion  is  unstable,  we  expect  that  the  protonation  reaction 

C2H4FJ  +  C2H4F3+  -►  C2H4F2H++C2H3F2  (1) 

will  not  occur  within  the  (C2H4F2)n  cluster,  since  the  parent  ion  never  survives  long 
enough  to  react  with  one  of  the  solvating  monomers.  Hence,  the  cluster  mass  spectrum 
of  DFE  should  have  a  complete  absence  of  peaks  with  the  formula  Mn-iH"*",  and  be 
composed  solely  of  solvated  fragment  ions.  Figure  1  shows  a  El  (electron  impact)  mass 
spectrum  of  DFE  clusters  as  a  function  of  cluster  size  and  product  channel  i.e.,  channel 
1:  Mn-iCHaCFH'*’,  channel  2:  Mn-iC2H3F'‘',  channel  3:  M„_iC2H3F2‘'‘,  and  channel  4 
M„_iH‘*‘.  We  note  that  in  addition  to  the  expected  fragmentation  (channels  1-3)  another 
sequence  of  peaks  which  have  the  empirical  formula  of  Mn-iH'*’  appear  at  n  4  and 
continues  to  become  progressively  more  prominent  with  increasing  cluster  size.  This  is 
in  direct  contrast  to  the  fragment  channels  which  monotonically  decrease  with  increasing 
cluster  size  and  contradicts  the  expected  absence  of  M„H'''  in  light  of  the  instability  of 
the  precursor  ion  (C2H4F2'’‘). 

This  spectrum  can  be  expldned^  if  the  parent  ion  is  metastable  as  a  result  of  being 
formed  in  the  Franck-Condon  region  of  the  neutral  molecule.  That  is,  if  the  parent  ion 
is  generated  within  the  cluster,  the  presence  of  solvating  molecules  may  stabilize  it  long 
enough,  such  that  it  can  react  with  one  of  the  neutral  monomers  by  reaction  1.  The  fact 
that  the  protonated  cluster  ions  only  appear  for  n  >  4,  suggests  that  Ms'*'  is  the  critical 
size  for  stabilizing  the  monomer  ion,  in  the  absence  of  any  monomer  evaporation.  Any 
evaporation  which  might  occur,  will  not  affect  the  qualitative  conclusions  drawn  from  this 
analysis  namely  that  an  unstable  reagent  cation  can  be  stabilized  within  a  cluster  long 
enough  that  it  can  undergo  reactions  with  the  solvating  monomers. 
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3.2  Stabilizing  an  Unstable  Intermediate  within  the  Solvating 
Confines  of  a  Cluster 


Figure  2  shows  a  small  section  of  a  typical  70  eV  electron  impact  mass  spectrum 
for  dimethyl  ether  clusters  (CH30CH3)„  (for  n  between  2  to  3).  In  addition  to  the 
hydronium  ion’®  we  also  observe  a  protonated  methanol  ion  solvated  by  2  dimethyl  ether 
(DME)  molecules.  This  sequence  of  cluster  peaks  is  observed  systematically  throughout 
the  entire  cluster  mass  spectrum  to  the  limit  of  our  sensitivity  (all  the  way  up  to  n  =  28). 

It  is  interesting  to  note  that  while  the  CH3‘*'  and  CH3OCH2  fragment  cations  are 
extremely  intense  in  the  monomer  mass  spectrum  of  DME  (54%  of  all  ion  intensity), 
the  same  cluster  cations  are  substantially  reduced  in  intensity  (i.e.,  (DME)„CH3'*'  and 
(DME)„CH30CH2‘*').  We  speculate  that  this  is  due  to  the  fragments  being  consumed 
by  an  ion-molecule  reaction  within  the  cluster.  A  likely  candidate  is  the  ion-molecule 
reaction  of  the  fragment  cations  with  a  neutral  DME  within  the  bulk  cluster,  to  form 
a  trimethyloxonium  cation  intermediate.  Similar  ion-molecule  reactions  have  been  pre¬ 
viously  observed’^.  The  newly  formed  trimethyloxonium  cation  may  then  undergo  a 
rearrangement  to  form  the  observed  products  as  shown  in  Figure  2. 

This  mechanism  is  similar  to  that  observed  for  the  decomposition  of  DME  over  zeolite 
catalysts,  van  Hooff,  et  al.^^  observed  that  conversion  of  DME  over  a  zeolite  catalyst 
produced  ethylene  and  propene  as  primary  olefins.  To  account  for  their  results  they 
invoke  a  trimethyloxonium  intermediate  as  the  common  intermediate  for  the  observed 
products.  We  therefore  speculate  that  the  DME  cluster  reactions  leading  to  the  same 
products  should  involve  the  same  mechanism  found  to  occur  on  zeolite  catalysts.  That 
is,  within  the  stabilizing  environs  of  a  cluster  the  trimethyloxonium  cation  may  internally 
rearrange  where  it  forms  protonated  methanol  (via  elimination  of  ethylene)  or  protonated 
water  (via  elimination  of  propene). 

An  analogous  process  has  previously  been  reported  for  the  collisional  activation  of 
the  monomer  (CH3)30‘‘'  ion.^  However  recent  additional  work  appears  to  be  at  variance 
with  that  original  result.^  We  feel  this  is  due  to  the  thermodynamic  instability  of  the 
bare  (CH3)30'‘'  for  which  unimolecular  dissociation  can  effectively  compete  with  the  re- 
arr2mgement  reaction  and  thus  only  simple  methyl  loss  is  observed.  However,  within  the 
solvating  environs  of  a  cluster  (or  a  zeolite  surface)  the  unstable  intermediate  may  be 
stabilized  on  a  sufficiently  long  time  scale  for  the  rearrangement  reaction  to  occur. 
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3.3  Providing  New  Chemical  Pathways 


3.3.1  Ammonia  Clusters^^ 


The  widely  studied  ammonia  t’uster  mass  spectrum'®’**  is  dominated  by  a  sequence 
of  peaks  with  the  empirical  formula  (NH3)„NH3'*’  and  (NH3)nNH4'*',  both  corresponding 
to  the  already  discussed  protonation  reaction.  Careful  study  of  the  mjiss  spectrum  also 
reveals  another  series  of  peaks  which  at  first  glance,  appears  to  have  the  empirical  formula 
(NH3)„_iNH2'*'.  These  latter  peaks  result  from  the  process  of  the  fragmentation  of  an  N-H 
bond  in  the  NH3'''  cation. 

A  plot  of  the  relative  intensities  of  the  (NH3)„_iNH2‘*'  ions  as  a  function  of  cluster 
size  (n)  is  shown  in  Figure  3  for  a  variety  of  electron  energies  and  nozzle  temperatures. 
A  magic  number,  corresponding  to  an  enhancement  in  the  ion  signal,  is  clearly  observed 
for  the  cluster  ion  of  size  n  =7.  This  result  is  independent  of  electron  energy  or  cluster 
expansion  conditions.  We  therefore  feel  that  this  intensity  distribution  is  due  solely  to 
the  stability  of  the  (NH3)sNH2'*'  cluster  ion. 

This  is  at  first  a  very  surprising  result  since  magic  numbers  usually  result  from  the 
closing  of  the  first  solvent  shell  around  the  central  cation.  If  the  central  cation  in  this  case 
is  indeed  NH2,  why  does  the  first  solvent  shell  closure  need  6  ammonia?  Why  wouldn’t  2 
or  3  solvent  molecules  suffice? 

We  can  account  for  the  observed  size  dependence  of  the  (NH3)„_iNH2''’  cluster  ion 
yield  if  we  assume  that  an  associative  ion-molecule  reaction  occurs  between  the  nascent 
NH2‘''  ion  and  an  adjacent  NH3  solvent  molecule  within  the  cluster  via  the  reaction: 

NH2+  +  NH3  -»  N2H5+  (2) 

From  avaiilable  thermochemical  data,  we  estimate  that  this  reaction  is  exothermic  by 
4.52  eV.  While  the  "naked”  (unclustered)  product  of  the  highly  exothermic  associative 
reaction  (2)  would  have  sufficient  internal  energy  to  undergo  subsequent  N-H  bond  cleav¬ 
age,  it  would  certainly  be  stabilized  through  solvation  by  additional  NH3  molecules.  In 
fact,  if  we  hydrogen-bond  five  NH3  solvent  molecules  to  the  five  H  atoms  of  the  N2H5'*' 
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product  ion,  we  end  up  with  an  ion  having  a  completed  solvation  shell  with  the  anticipated 
empirical  formula.  The  (NH3)5N2H5'*‘  structure  is  illustrated  in  Figure  4.  This  cluster  ion 
has  a  total  of  seven  nitrogen  atoms  and  accounts  for  our  observation  of  a  magic  number; 
h  =  7.  It  is  expected  that  the  exothermicity  of  reaction  (2)  should  enhance  the  magic 
number  effect,  since  this  excess  heat  will  serve  to  "boil  ofP  the  loosely  bound  solvent 
molecules  which  are  not  in  the  first  solvent  shell.  This  is  an  interesting  example,  wherein 
the  observation  of  magic  numbers  was  necessary  to  elucidate  the  true  chemical  identity 
of  the  cental  cation. 

3.3.2  Metal  Hexacarbonyl  Clusters 


van  der  Waals  clusters  of  M(C0)6  (M  =  Mo,  W)  generated  in  the  free  jet  expansion 
of  a  pulsed  beam  of  seeded  helium  are  subjected  to  multiphoton  ionization  (MPI)  and  the 
product  ions  analyzed  by  quadrupole  mass  spectrometry.  These  species  are  of  fundamental 
significance  to  our  understanding  of  metal-metal  and  metal-ligand  bonding  interactions, 
and  can  serve  as  model  systems  for  the  study  of  catalysis  and  surface  phenomena.  Studies 
of  the  effects  of  cluster  size  and  structure  on  reactivity  of  transition  metal  carbonyl  clusters 
can  provide  the  necessary  data  with  which  to  test  and  refine  our  theories  concerning  the 
chemistry  and  physics  of  bulk  metals. 

The  multiphoton  dissociation  and  ionization  dynamics  of  mononuclear  and  covalently 
bound  multinuclear  transition  metal  carbonyls  is  well  characterized:  initial  multiphoton 
dissociation  (MPD)  of  the  metal  carbonyl  results  in  complete  ligand  stripping,  leaving 
behind  a  naked  metal  atom  which  is  subsequently  photoionized.  Consequently  the  248 
nm  MPI  mass  spectrum  for  the  M(C0)6  monomer  is  dominated  almost  exclusively  by  the 
M"*"  cation  signal. 

On  the  other  hand,  multiphoton  photophysics  of  van  der  Waals  complexes  of  transition 
metal  carbonyls  is  not  so  thoroughly  characterized.  Indeed,  for  MPI  of  M(C0)6  clusters, 
we  observe  not  only  the  production  of  M'*’  but  also  the  oxide  ions  MO"*"  and  M02'*’. 
Observing  the  production  of  these  ions  as  a  function  of  laser  intensity  reveals  that  the 
yield  of  M*^  depends  on  the  square  root  of  laser  intensity,  while  the  yields  for  both  of  the 
oxide  ions  are  nearly  independent  of  laser  intensity  (6-210  mJ).  This  strongly  suggests  we 
are  observing  two  distinct  processes.  The  first  is  a  multiphoton  dissociation  within  the 
cluster  leading  to  a  bare  metal  atom  which  is  subsequently  ionized  via  MPI,  generating 
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the  M+  ion  signal.  The  second  process  is  a  photochemically  induced  intracluster  reaction 
leading  to  oxomolybdenum  ions. 

We  propose  that  a  novel  binuclear  adduct  arises  through  an  intraeluster  reaction  and 
that  the  oxide  ions  arise  by  subsequent  photoionization  and  fragmentation  of  that  adduct. 
That  is,  within  the  cluster  the  photogenerated  metal  atom  can  associate  with  the  ligands 
of  an  adjacent  metal  carbonyl  "solvent”  molecule.  We  therefore  propose,  on  the  basis  of 
orbital  symmetry  considerations,  that  the  nascent  metal  "photoatom”  interacts  with  a 
neighboring  metal  carbonyl  "solvent  molecules”  via  two  such  bridging  carbonyls  to  form 
a  stable  six  member  structure.  Through  backdonation  of  metal  d^y  electron  density  to  the 
empty  ir*  MO’s  of  the  carbonyl  ligands,  the  two  C-0  bonds  weaken  and  break,  eventually 
resulting  in  the  observed  oxide  ion  formation. 

However,  we  find  no  evidence  of  such  behavior  in  the  Cr(CO)6  system.  Based  on 
these  results  for  the  group  VI  b  hexacarbonyls,  we  suggest  that  the  reactivity  within 
clusters  of  first-row  transition  metal  atoms  is  fundamentally  different  from  that  of  first- 
row  transition  metal  atoms  is  fundamentally  different  from  second-  or  third-row  metals, 
and  is  determined  by  the  occupancy  and  relative  size  of  the  metal  d  orbitals.  Based 
on  this  model  we  would  predict  that  the  intracluster  reaction  between  a  photogenerated 
metal  atom  and  an  adjacent  M(CO)6  cluster  molecule  depends  explicitly  on  the  efficient 
overlap  of  the  relevant  molecular  orbitals.  In  the  particular  case  of  Cr,  the  small  d 
orbital  on  the  metal  makes  for  poor  overlap  with  the  carbonyl  ligands,  hence  the  lack 
of  reactivity.  This  model,  which  invokes  different  modes  of  CO  coordination,  may  have 
important  implications  for  the  study  of  catalysis. 

4  Future  Directions 


The  four  examples  presented  has  represented  only  the  beginning  in  terms  of  the  new 
chemistry  which  can  be  discovered  within  clusters.^®  New  information  will  be  learned  from 
the  use  of  mass  selected  cluster  beams  to  directly  observe  the  reaction  dynamics,  and 
attempts  to  probe  spectroscopically  the  internal  states  of  the  radical  product  generated 
initially  within  the  cluster. 

Future  applications  include  the  use  of  clusters  to  generate  novel  bulk  materials  in  the 
form  of  thin  films.  We  have  modified  the  standard  Smalley  metal  cluster  source  for  such 
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thin  film  generation^.  Preliminary  experiments  have  shown  that  this  source  is  capable 
of  generating  a  high  temperature  material  within  a  beam  expansion  and  depositing  that 
material  on  a  cool  substrate.  We  expect  that  by  tailoring  the  expansion  conditions  a 
variety  of  high  quality  homogeneous  thin  films  can  be  produced  with  obvious  industrial 
applications  (superconducting  thin  films,  diamond-like  carbon  thin  films,  patterned  x 
multi-layered  thin  films,  etc...). 

Finally,  we  note  that  our  knowledge  concerning  the  generation  of  new  product  cluster 
ions  via  chemistry  within  clusters  can  be  used  to  alter  or  modify  already  existing  surfaces. 
That  is,  the  metastable  reactive  intermediates  often  generated  within  the  cluster  may 
be  ideal  for  use  as  selective  surface  etchants,  or  even  for  CVD  type  deposition  onto  a 
substrate.  We  have  recently  acquired  a  triple  quadrupole  mass  spectrometer,  which  we 
now  intend  to  use  for  maiss  selected  cluster  chemistry  on  a  variety  of  surfaces. 
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Figure  Captions 

Figure  la)  Bar  graph  representing  percent  yield  of  daughter  cluster  ion  as  a  function 
of  parent  cluster  size  (n)  and  process  channel  (i.e.  channel  1:  Mn-iCHsCFH'*',  channel 
2:  M„_iC2H3F'‘’,  channel  3:  Mn-iCjHaFa'*'  ,  and  channel  4;  and  M  =  C2H4F2) 

at  30  eV  electron  impact  energy.  Note  how  all  three  of  the  fragmentation  channels  drop 
as  a  function  of  the  cluster  size  while  the  cluster  reaction  channel  (channel  4)  increases 
with  n.  Reprinted  with  permission  from  reference  24.  Copyright  1987  American  Chemical 
Society. 

Figure  lb)  same  as  la  but  at  100  eV  electron  impact  energy.  Reprinted  with  permission 
from  reference  24.  Copyright  1987  American  Chemical  Society, 

Figure  2)  Proposed  reactions  scheme  for  dimethyl  ether  clusters.  At  the  bottom  is  a 
raw  mass  spectrum  of  neat  dimethyl  ether  cluster  at  70  eV  from  80  to  140  amu.  Major 
ion  peaks  are  identified  by  their  empirical  formulas  (M  =  (CH3)20).  Reprinted  with 
permission  from  reference  26,  Copyright  1990  American  Chemical  Society. 

Figure  3)  top  panel:  A  plot  of  the  intensities  of  the  (NH3)„_jNH2‘‘'  cluster  ions  vs. 
cluster  size  n.  The  stagnation  pressure  was  held  at  273K  during  the  collection  of  all  mass 
spectra  represented  here.  Bottom  panel:  A  plot  of  the  intensities  of  the  (NH3)„_iNH2'*’ 
cluster  ions  vs.  cluster  size  n.  The  mass  spectra  represented  here  were  all  collected  at  an 
electron  impact  energy  of  70  eV.  Reprinted  with  permission  from  reference  27.  Copyright 
1989  American  Instituteof  Physics. 

Figure  4)  Proposed  structure  for  the  (NH3)5NH2'*’  cluster  ion.  This  species  is  the 
most  prevalent  of  all  cluster  ions  in  the  series  (NH3)„_iNH2'*',  and  is  believe  to  be  a 
protonated  hydrazine  molecule  (within  the  circle)  surrounded  by  one  complete  solvation 
shell  of  ammonia  molecules.  The  shaded  circles  correspond  to  nitrogen  atoms  while  the 
open  circles  are  hydrogen  atoms  and  the  dashed  lines  indicate  hydrogen  bonds  of  the 
NH3  solvent  molecules  to  the  N2H5'*'  cation.  Reprinted  with  permission  from  reference 
27.  Copyright  1989  American  Institute  of  Physics. 
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